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(57) ABSTRACT 

A complementary metal oxide semiconductor (CMOS) 
device, e.g., a ?eld effect transistor (FET), that includes at 
least one one-dimensional nanostructure that is typically a 
carbon-based nanomaterial, as the device channel, and a 
metal carbide contact that is self-aligned With the gate region 
of the device is described. The present invention also 
provides a method of fabricating such a CMOS device. 
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SELF-ALIGNED PROCESS FOR 
NANOTUBE/NANOWIRE FETS 

FIELD OF THE INVENTION 

[0001] The present invention relates to a semiconductor 
structure and a method of fabricating the same. More 
particularly, the present invention relates to a complemen 
tary metal oxide semiconductor (CMOS) device, e. g., a ?eld 
effect transistor (FET), that comprises at least one one 
dimensional nanostructure that is typically a carbon-based 
nanomaterial, as the device channel, and a metal carbide 
contact that is self-aligned With the gate region of the device, 
i.e., aligned to an edge of the gate region. The present 
invention also provides a method of fabricating such a 
CMOS device. 

BACKGROUND OF THE INVENTION 

[0002] In the ?eld of molecular nanoelectronics, feW 
materials shoW as much promise as one-dimensional nano 
structures, and in particular carbon nanotubes that comprise 
holloW cylinders of graphite that have a diameter of a feW 
Angstroms. Nanotubes and other like one-dimensional 
nanostructures can be implemented in electronic devices, 
such as, for example, diodes and transistors, depending on 
the nanoparticles electrical characteristics. One-dimensional 
nanostructures are unique for their siZe, shape, and physical 
properties. For example, carbon-based nanotubes resemble a 
hexagonal lattice of carbon rolled into a cylinder. 

[0003] Besides exhibiting intriguing quantum behaviors 
even at room temperature, carbon-based nanotubes exhibit 
at least tWo important characteristics, a nanotube can be 
either metallic or semiconducting depending on its chirality, 
i.e., conformational geometry. Metallic nanotubes can carry 
an extremely large current density With constant resistivity. 
Semiconducting nanotubes can be electrically sWitched “on” 
or “o?‘” as ?eld effect transistors (FETs). The tWo types may 
be covalently joined (sharing electrons). These characteris 
tics point to nanotubes as excellent materials for making 
nanometer-sized semiconductor circuits. Similar properties 
exist for other one-dimensional nanostructures. 

[0004] Carbon-based nanotubes and other like one-dimen 
sional nanostructures are thus becoming strategically impor 
tant for post-Si FET scaling. HoWever, there is no knoWn 
self-aligned process comparable to conventional CMOS 
technology. A self-aligned process for a CMOS device 
including one-dimensional nanostructures Would provide a 
simpler sequence of processing steps as compared to a 
non-self-aligned process and it reduces processing error that 
typically occurs When a non-self-aligned process is used. 
Moreover, a self-aligned process provides a structure having 
reduced parasitics as compared to a non-self-aligned struc 
ture. 

[0005] In vieW of the above, there is a need for providing 
a self-aligned process for fabricating a CMOS device that 
includes one-dimensional nanostructures, such as nanotubes 
and nanoWires. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides a self-aligned one 
dimensional nanostructure-containing ?eld effect transistor 
(FET) as Well as a method of fabricating the same. The 
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inventive self-aligned one-dimensional nanostructure-con 
taining FET includes a metal carbide as a contact that is 
aligned to an edge of the gate region that includes the 
nanostructures as the device channel. 

[0007] In the present invention, the-term “one-dimen 
sional nanostructure” is used to describe at least one nano 
tube and/or at least one nanoWire. Nanotubes differ from 
nanoWires because nanotubes typically have a holloW cavity, 
Whereas nanoWires are completely ?lled nanomaterials. The 
term “nanorods” is sometimes used in describing nanoWires. 
One-dimensional nanostructures are structures With nanom 

eter-siZed diameters and much, much longer lengths. In 
other Words, the structures have a high aspect ratio and 
quantum effects become important for these systems. 

[0008] Speci?cally and in broad terms, the inventive one 
dimensional nanostructure4containing FET comprises: 

[0009] a substrate comprising at least one gate region 
located thereon, said at least one gate region comprising a 
layer of at least one one-dimensional nanostructure; and 

[0010] a metal carbide contact located on a surface of said 
substrate that is aligned to an edge of said layer of at least 
one one-dimensional nanostructure. 

[0011] In one embodiment of the present invention, the 
one-dimensional nanostructure is a nanotube. In another 
embodiment of the present invention, the one-dimensional 
nanostructure is a nanoWire. The at least one one-dimen 
sional nanostructure used in the present invention is typi 
cally a carbon-based nanomaterial that is formed utiliZing 
techniques Well knoWn to those skilled in the art of nano 
technology. 

[0012] In addition to providing the aforementioned semi 
conductor structure, the present invention also provides a 
method of fabricating the same. The inventive method 
includes the steps of: 

[0013] providing a structure that includes at least one gate 
stack on a surface of a layer of at least one one-dimensional 

nanostructure; 

[0014] forming a source/drain metal on the structure 
including at least said layer of at least one one-dimensional 
nanostructure; and 

[0015] forming a metal carbide by reacting said source/ 
drain metal With said layer of at least one one-dimensional 
nanostructure. 

[0016] In some embodiments of the present invention, the 
portion of the layer of the at least one one-dimensional 
nanostructure, not protected by the at least one gate stack, is 
doped. In such an embodiment, the metal carbide is formed 
on the exposed and undoped portion of the layer of at least 
one one-dimensional nanostructure. 

[0017] In another embodiment of the present invention, 
spacers are formed on the sideWalls of the at least one gate 
stack prior to forming the metal carbide. Spacers are used 
When a self-aligned silicide anneal process is used. If a non 
self-aligned silicide anneal is used, the spacers may be 
omitted. 

[0018] In another embodiment of the present invention, 
the at least one one-dimensional nanostructure is embedded 
Within a conductive compound that is generated by the 
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reaction of the source/drain metal With an underlying sub 
strate that includes C or oxide. The embedding occurs during 
the carbide annealing step mentioned above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIGS. 1A-1B are pictorial representations 
(through cross sectional vieWs) illustrating various types of 
initial substrates that can be employed in the present inven 
tion. 

[0020] FIG. 2 is a pictorial representation (through a cross 
sectional vieW) illustrating the initial substrate of FIG. IA 
after forming a layer of at least one one-dimensional nano 
structure thereon. 

[0021] FIG. 3 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 2 after 
forming a gate dielectric-and a patterned gate electrode 
thereon. 

[0022] FIG. 4 is a pictorial representation (through a cross 
sectional vieW) illustrating a structure similar to that shoWn 
in FIG. 3 except that the initial substrate used is the one 
illustrated in FIG. 1B and alignment marks are utiliZed. 
Note that if the gate is much smaller than the contacts, part 
of the device could be built out of metallic nanotubes instead 
of semiconducting ones. 

[0023] FIG. 5 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 3 after 
patterning the gate dielectric. 

[0024] FIG. 6 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 5 during 
optional doping of the exposed portion of the layer of at least 
one one-dimensional nanostructure. 

[0025] FIG. 7 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 6 after 
forming optional ?rst and second dielectric layers. 

[0026] FIG. 8 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 7 after the 
second dielectric layer has been selectively etched. 

[0027] FIG. 9 is a pictorial representation (though a cross 
sectional vieW) illustrating the structure of FIG. 8 after the 
?rst dielectric layer has been selectively etched. 

[0028] FIG. 10 is a pictorial representation (through a 
cross sectional vieW) illustrating the structure of FIG. 9 after 
performing an optional step in Which a metal compound is 
formed over the optionally doped portion of the layer of at 
least one one-dimensional nanostructure. 

[0029] FIG. 11 is a pictorial-representation (through a 
cross-sectional vieW) illustrating the structure of FIG. 9 
after forming a source/drain metal layer thereon. 

[0030] FIG. 12 is a pictorial representation (through a 
cross sectional vieW) illustrating the structure of FIG. 11 
after performing a carbide annealing step. 

[0031] FIG. 13 is a pictorial representation (through a 
cross sectional vieW) illustrating the structure of FIG. 12 
after etching aWay excess source/drain metal. 

[0032] FIG. 14 is a pictorial representation (through a 
cross sectional vieW) illustrating a structure similar to that 
shoWn in FIG. 13 except that the initial substrate shoWn in 
FIG. 1B Was employed. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] The present invention, Which provides a one-di 
mensional nanostructure-containing FET and a method of 
fabricating the same, Will noW be described in greater detail 
by referring to the draWings that accompany the present 
application. The various draWings of the present invention 
are provided for illustrative purposes and thus they are not 
draWn to scale. Also, the draWings depict the presence of a 
single gate region; the term “gate region” is used herein to 
denote the gate, gate electrode and underlying device chan 
nel. Although a single gate region is depicted and described, 
the present invention also contemplates forming a plurality 
of such gate regions and thus a plurality of one-dimensional 
nanostructure-containing FETs on a surface of a substrate. 

[0034] The present invention begins With ?rst providing 
the initial substrate shoWn in either FIG. 1A or FIG. 1B. 
The initial substrate 10A shoWn in FIG. 1A comprises a 
semiconductor layer 12 Which includes a dielectric layer 14 
thereon. The semiconductor layer 12 includes any type of 
semiconducting material including, but not limited to: Si, 
SiGe, SiC, SiGeC, GaAs, InAs, ml’ or any other III/V or 
II/V I compound semiconductor. The semiconductor layer 12 
may also comprise a layered semiconductor such as, for 
example, Si/SiGe or Si/SiGeC. Alternatively, the semicon 
ductor layer 12 may comprise a silicon-on-insulator (SOI) or 
a silicon germanium-on-insulator (SGOI). The semiconduc 
tor layer 12 can be undoped or doped With one or more 
doping regions at this point of the present invention. Also, 
the semiconductor layer 12 may be strained or unstrained 
and it may have any crystallographic orientation including, 
for example, (111), (110) or (100). Also, the semiconducting 
substrate 12 can be used either for a back gate or for building 
other devices nearby (on the same chip or not) With con 
ventional techniques. 

[0035] In some embodiments of the present invention, 
When the dielectric layer 14 is thick, the semiconductor layer 
12 may be replaced With a handling substrate such as a metal 
or glass. The present invention also contemplates embodi 
ments When the entire substrate is comprised of the dielec 
tric layer 14. 

[0036] The dielectric layer 14 may comprise an oxide, a 
nitride, an oxynitride, a carbon containing dielectric such as, 
diamond like carbon (DLC) or ?uorinated DLC, a high k 
dielectric (k greater than 4.0, typically greater than 7.0), an 
organic dielectric or multilayers thereof. In one embodi 
ment, the dielectric layer 14 comprises an oxide such as 
SiO2 or a nitride such as Si3N4. In another embodiment, the 
dielectric layer 14 comprises a DLC layer. 

[0037] The dielectric layer 14 shoWn in FIG. 1A is formed 
on the surface of the semiconductor layer 12 utiliZing a 
conventional deposition process such as, for example, 
chemical vapor deposition (CVD), plasma-enhanced chemi 
cal vapor deposition (PECVD), chemical solution deposi 
tion, sputtering, atomic layer deposition (ALD), physical 
vapor deposition (PVP), spin-on coating, epitaxial groWth 
and other like deposition processing. In an alternate embodi 
ment of the present invention, the dielectric layer 14 can also 
be formed by thermal oxidation, nitridation or oxynitrida 
tion. 

[0038] The thickness of the dielectric layer 14 formed atop 
the semiconductor layer 12 may vary depending on the type 
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of dielectric material employed as Well as the technique that 
Was used to form the same. Typically, the dielectric layer. 14 
has a thickness from about a fraction of a nanometer to about 
500 nm, With a thickness from about 1 to about 10 nm being 
more typical. The aforementioned ranges are for semicon 
ductor substrates and for back gate processes. For substrates 
Without electrical functionality, the Whole substrate can be a 
dielectric or the dielectric thickness can be extremely thick. 

[0039] FIG. 1B shoWs another substrate 10B that can be 
used in the present invention. Speci?cally, the initial sub 
strate 10B shoWn in FIG. 1B includes a semiconductor layer 
12, a dielectric layer 14, and regions of a C-containing 
compound 16 embedded Within the dielectric layer 14. The 
C-containing compound 16 can be any compound material 
that includes C such as, for example, DLC, or ?uorinated 
DLC. The C-containing compound 16 is formed by blanket 
depositing the dielectric layer 14 on the surface of the 
semiconductor layer 12, forming a patterned photoresist (not 
shoWn) on the surface of the dielectric layer 14 and etching 
an opening into the dielectric layer 14 Which de?nes the area 
for the embedded C-containing compound 16. The pattemed 
photoresist is formed by conventional processing including 
applying a photoresist to the surface of the dielectric layer 
14, exposing the photoresist to a pattern of radiation and 
developing the exposed photoresist utiliZing a conventional 
resist developer. The etching step, Which forms an opening 
into the dielectric layer 14, includes a dry etching process 
such as reactive-ion etching, ion beam etching, plasma 
etching or laser ablation. In addition to dry etching, the 
present invention also contemplates using a Wet etch to 
provide the openings for forming the embedded regions 
Within the dielectric layer 14. 

[0040] With the patterned mask in place, the C-containing 
compound 16 is deposited forming the structure shoWn, for 
example, in FIG. 1B. The depth of the C-containing com 
pound 16 formed into the dielectric layer 14, as measured 
from the upper surface of the dielectric layer 14, is from 
about 1 nm to about 500 nm or more, With a depth from 
about 5 to about 20 nm being more typical. 

[0041] Unless otherWise speci?ed, the description that 
folloWs utiliZes the initial substrate 10A. Although initial 
substrate 10A is speci?cally utiliZed, the present invention 
and the folloWing processing steps Work equally Well for the 
alternative initial substrate 10B shoWn in FIG. 1B or With a 
non-semiconducting substrate. 
[0042] Next, and as shoWn in FIG. 2, a layer of at least one 
one-dimensional nanostructure 18 is formed atop the dielec 
tric layer 14; in the case in Which initial substrate 10B is 
utiliZed, the layer of at least one one-dimensional nanostruc 
ture 18 is formed atop the surfaces of both the dielectric 
layer 14 and the embedded C-containing compound 16. 
[0043] The layer of at least one one-dimensional nano 
structure 18 may include a nanotube, a nanoWire or a 
combination of these tWo types of nanomaterials. As stated 
above, nanotubes differ from nanoWires because nanotubes 
typically have a holloW cavity, Whereas nanoWires are 
completely ?lled nanomaterials. One-dimensional nano 
structures are structures With nanometer-sized diameters and 
much, much longer lengths. In other Words, the structures 
have a high aspect ratio and quantum effects become impor 
tant for these systems. 

[0044] In one highly preferred embodiment of the present 
invention, the layer of at least one one-dimensional nano 
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structure 18 comprises nanotubes, While in another highly 
preferred embodiment of the present invention the layer of 
at least one one-dimensional nanostructure 18 comprises 
nanoWires. 

[0045] The nanotubes that can be used in the present 
invention are single Walled or multi-Walled nanomaterials 
that have an outer diameter that is typically from about 0.4 
nm to about 30 nm, With an outer diameter from about 0.8 
nm to about 2.5 nm being more typical, and a length that is 
typically from about 5 nm to about 100 pm, with a length 
from about 10 nm to about 10 um being more typical. In 
addition to having an outer diameter, the nanotubes that can 
be used in the present invention have an inner diameter that 
is typically from about 0.4 nm to about 15 nm, With an inner 
diameter from about 0.8 nm to about 2.5 nm being more 
highly typical. The nanotubes useful in the present invention 
are further characteriZed as having a high aspect ratio that is 
typically on the order of about 5 or greater, With an aspect 
ratio from about 5 to about 5000 being more typical. 

[0046] The nanoWires that can be used in the present 
invention comprise various atomic layers, i.e., more than 
one shell, in Which the outer diameter is typically from about 
0.4 nm to about 100 nm, With an outer diameter from about 
0.8 nm to about 50 nm being more typical, and a length that 
is from about 5 nm to about 100 pm, with a length from 
about 10 nm to about 10 um being more typical. The 
nanoWires useful in the present invention are further char 
acteriZed as having a high aspect ratio that is typically on the 
order of about 5 or greater, With an aspect ratio from about 
5 to about 5000 being more typical. 

[0047] The layer of at least one one-dimensional nano 
structure 18 employed in the present invention typically 
includes a C-based nanomaterial that has a hexagonal lattice 
structure that is rolled up. That is, the nanostructures of the 
present invention typically are comprised of carbon, e.g., 
graphite. Although C-based nanomaterials are preferably 
used, the present invention also contemplates other types of 
nanomaterials such as metallic or a combination of C-based 
and metallic. 

[0048] The thickness of the layer of at least one one 
dimensional nanostructure 18 formed at this point of the 
present invention can vary depending on the technique that 
Was used to form the same. Typically, the layer of at least 
one one-dimensional nanostructure 18 has a thickness from 
about 0.4 to about 500 nm, With a thickness from about 0.8 
to about 50 nm being more typical. In embodiments in Which 
nanotubes are used, the layer of nanotubes 18 typically has 
a thickness from about 0.8 to about 3 nm. 

[0049] The term “layer of at least one one-dimensional 
nanostructure” is used herein to denote a layer that includes 
at least one nanotube or nanoWire as Well a layer that 
contains a controlled and selected number of such one 
dimensional nanostructures. Preferably, layer 18 includes a 
plurality of one-dimensional nanostructures thus the remain 
ing text uses the phrase “layer of one-dimensional nano 
structures”. 

[0050] The layer of one-dimensional nanostructures 18 
can be formed utiliZing techniques that are Well knoWn in the 
art. For example, carbon-based nanotubes can be produced 
by arc-discharge and laser ablation of a carbon target. 
Alternatively, carbon-based nanotubes can be made by 
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chemical vapor deposition in the presence of metallic par 
ticles. Speci?c process details for nanotube formation that 
can be used in the present invention can be found, for 
example, in S. Iijima, et al. “Helical Microtubes of Graphite 
Carbon”, Nature 354, 56 (19991); D. S. Bethune, et al. 
“Cobalt Catalyzed GroWth of Carbon Nanotubes With 
Single-Atomic-Layer Walls” Nature 363, 605 (1993), and R. 
Saito, et al. “Physical Properties of Carbon Nanotubes”, 
Imperial College Press (1998); the entire content of each is 
incorporated herein by reference. Also, the catalyst-free 
growth method disclosed in co-assigned US. Patent Appli 
cation No. 2004/0035355 A1 can be used in fabricating 
nanotubes that can be used as layer 18. The entire content of 
the ’355 published application is also incorporated herein by 
reference. In one embodiment of the present invention, the 
layer of carbon nanotubes 18 is formed by chemical vapor 
deposition at 9000 C. for 10 min using Fe catalyst particles. 

[0051] Carbon-based nanoWires can also be produced by 
arc-discharge and laser ablation of a carbon target. Alterna 
tively, carbon-based nanoWires can be made by chemical 
vapor deposition in the presence of metallic particles. Spe 
ci?c process details for nanoWire formation that can be used 
in the present invention can be found, for example, in S. 
Botti, et al., Chemical Physics Letters vol. 355, no. 5-6: 
395-9, 8 Apr. 2002; the entire content of Which is incorpo 
rated herein by reference. In one embodiment of the present 
invention, the layer of carbon nanoWires 18 is formed 
utiliZing laser-induced chemical vapor deposited amorphous 
hydrogenated carbon nanoparticles (from a mixture of eth 
ylene and acetylene) as precursor (see, for example, S. Botti, 
et al, J. Appl. Phys. 88, 3396 (2000)), and depositing them 
onto a heated surface using the folloWing conditions: a 
pressure of about 0.04 atmospheres, a substrate temperature 
of about 11000 C., a deposition time of about 90 min in an 
Ar carrier at a How of about 300 sccm. 

[0052] Despite illustrating the above techniques for form 
ing the layer of one dimensional nanostructures 18, the 
present invention also contemplates other techniques that are 
capable of forming such nanostructures. For example, solu 
tion-phase decomposition, sol-gel electrophoresis, or Wet 
chemical, hydrothermal synthesis can be used in forming 
one-dimensional nanostructures. 

[0053] After forming the layer of one-dimensional nano 
structures 18 on the surface of one of the initial substrates 
shoWn in FIG. 1A or 11B, a gate dielectric 20 is formed on 
the surface of layer 18; See FIG. 3. In embodiments in 
Which the at least one one-dimensional nanostructure is 
formed directly Within a semiconductor substrate, the gate 
dielectric 20 can be formed by a thermal groWing process 
such as, for example, oxidation, nitridation or oxynitrida 
tion. Alternatively, the gate dielectric 20 can be formed by 
a deposition process such as, for example, chemical vapor 
deposition (CVD), plasma-assisted CVD, atomic layer 
deposition (ALD), evaporation, reactive sputtering, chemi 
cal solution deposition or other like deposition processes. 
The gate dielectric 20 may also be formed utiliZing any 
combination of the above processes. 

[0054] The gate dielectric 20 is comprised of an insulating 
material including, but not limited to: an oxide, nitride, 
oxynitride and/or silicate including metal silicates and 
nitrided metal silicates. In one embodiment, it is preferred 
that the gate dielectric 20 is comprised of an oxide such as, 
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for example, SiO2, HfO2, ZrO2, A1203, TiO2, La2O3, 
SrTiO3, LaAlO3 or mixtures thereof. 

[0055] The physical thickness of the gate dielectric 20 
may vary, but typically, the gate dielectric 20 has a thickness 
from about 0.5 to about 100 nm, With a thickness from about 
0.5 to about 10 nm being more typical. 

[0056] After forming the gate dielectric 20, a blanket layer 
of a gate electrode 22 is formed on the gate dielectric 20 
utiliZing a knoWn deposition process such as, for example, 
physical vapor deposition, CVD or evaporation. The thick 
ness, i.e., height, of the gate electrode 22 deposited at this 
point of the present invention may vary-depending on the 
deposition process employed. Typically, the gate electrode 
22 has a vertical thickness from about 5 to about 180 nm, 
With a thickness from about 5 to about 50 nm being more 
typical. 
[0057] The gate electrode 22 can comprise any conductive 
material that is typically employed as a gate of a CMOS 
structure. Illustrative examples of such conductive materials 
that can be employed as the gate electrode 22 include, but 
are not limited to: polysilicon, conductive metals, conduc 
tive metal alloys, conductive silicides, conductive nitrides, 
polySiGe or combinations thereof, including multilayers 
thereof. In some embodiments (not shoWn), a gate cap 
comprised of an oxide or nitride can be formed atop the gate 
electrode 22. Also, it is possible to form a barrier layer 
betWeen multiple layers of gate electrode materials. 

[0058] The blanket layer of gate electrode 22 is then 
patterned providing the structure shoWn in FIG. 3. Pattem 
ing of the blanket layer of gate electrode 22 can be achieved 
utiliZing conventional techniques that are Well knoWn in the 
art. For example, patterning of the gate electrode 22 can be 
performed by lithography and etching. The lithographic step 
includes applying a photoresist (not shoWn) to the upper 
surface of the gate electrode 22 (or optional gate cap, if 
present), exposing the photoresist to a desired pattern of 
radiation and developing the exposed photoresist utiliZing a 
conventional resist developer. The pattern in the photoresist 
is then transferred to the blanket layer of gate electrode 22 
(or optional gate cap ?rst and then gate electrode 22) 
utiliZing one or more etching steps. The etching includes a 
dry etching process, such as reactive ion etching, ion beam 
etching, plasma etching or laser ablation. Wet etching can 
also be used to pattern the gate electrode 22. As shoWn, the 
etching step selectively etches portions of the gate electrode 
22, stopping atop the gate dielectric 20. The patterned 
photoresist is typically removed after the pattern has been 
transferred into the gate dielectric 20 utiliZing a conven 
tional stripping process. The dimensions of the gate formed 
can vary from about 3 nm to several micrometers, preferably 
betWeen 7 nm and 1 pm. 

[0059] FIG. 4 illustrates a structure similar to that shoWn 
in FIG. 3 except that the initial substrate used is the one 
illustrated in FIG. 1B and alignment marks 100 and/or 101 
are utiliZed. The alignment mark 100 is formed into the 
substrate, While the alignment mark 101 is formed atop the 
surface of the gate dielectric 20. The alignments marks 100 
and 101 are formed utiliZing a conventional process Well 
knoWn in the art and they serve to align the gate level to the 
underlying substrate. 

[0060] FIG. 5 shoWs the structure after the exposed 
regions of gate dielectric 20, not including the patterned gate 
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electrode 22 (and gate cap, if present), are removed. The 
removal of the exposed portion of the gate dielectric 20 is 
performed utilizing an etching process that selectively 
removes gate dielectric material as compared With a gate 
conductor and/or the layer of one-dimensional nanostruc 
tures 18. Dry etching or Wet etching is contemplated herein 
for selectively removing the exposed portions of the gate 
dielectric 20. As illustrated, this removal steps exposes a 
portion of the layer 18 that is adjacent to the gate stack 24. 
Gate stack 24 includes at least the patterned gate electrode 
22 and the patterned gate dielectric 20. Although a single 
gate stack 24 is shoWn, a plurality of such gate stacks can be 
formed as described above. 

[0061] Next, and as shoWn in FIG. 6, the exposed portion 
of layer 18 is then optionally doped With a ?rst conductivity 
type dopant 26 (either n-type or p-type) to provide an 
optional dopant region 28. It is emphasized that the doping 
of the exposed portion of layer 18 is optional and is not used 
in all instances. The doping can be performed by electro 
static doping, gas phase doping or other like doping tech 
niques. Ion implantation can be used if the layer of one 
dimensional nanostructures 18 includes nanoWires. The 
dopant 26 can be an n-type dopant Which includes at least 
one element from Group VA of the Periodic Table of 
Elements, or the dopant 26 can be a p-type dopant that 
includes at least one element from Group IIIA of the 
Periodic Table of Elements. The doping provides dopant 
region 28 Which typically has a doping concentration from 
about 1019 to about 1022 atoms/cm3. More typically, the 
dopant region 28, Which is located in the exposed portion of 
layer 18, has a dopant concentration from about 1021 to 
about 1022atoms/cm3. 

[0062] Next, and as shoWn in FIG. 7, dielectric stack 29 
comprising one or more dielectric layers is optionally 
formed. It is noted that the dielectric stack 29 is used to 
provide spacers on the sideWalls of the gate stack 24. In 
some embodiments Where a self-aligned anneal is used, 
spacer formation is required. In yet other embodiments 
Where a non self-aligned anneal is used, spacer formation is 
not required. 

[0063] In some embodiments of the present invention, the 
dopant implantation step can occur prior to formation of the 
spacers or after formation of one of the spacers and after 
formation of the other spacer. 

[0064] In the embodiment illustrated, dielectric stack 29 
includes a ?rst dielectric layer 30 and a second dielectric 
layer 32. The dielectric stack 29 comprises a dielectric 
material such as, for example, an oxide, nitride, or oxyni 
tride. A conventional deposition process such as described 
for the formation of the gate dielectric 20 can be employed 
in forming the dielectric stack 29. Alternatively, the dielec 
tric stack 29 is formed by a thermal process. The thickness 
of the dielectric stack 29 may vary, but typically the overall 
thickness of the dielectric stack 29 is from about 5 to about 
100 nm. 

[0065] In some embodiments, the dielectric stack 29 and 
subsequent spacer formation can occur prior to the optional 
doping step mentioned above. 

[0066] In FIG. 7, the dielectric stack 29 includes a ?rst 
dielectric (i.e., inner spacer material) 30 and a second 
dielectric (i.e., outer spacer material) 32 Which are com 
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posed of different dielectric materials. In one embodiment, 
?rst dielectric 30 is comprised of a nitride such as silicon 
nitride and second dielectric 32 is comprised of an oxide 
such as silicon dioxide. 

[0067] Etching is then performed to remove the dielectric 
stack 29 from all horizontal surfaces that Were previously 
covered during deposition. The etching is shoWn in FIGS. 8 
and 9. Speci?cally, dry etching, Wet etching or a combina 
tion thereof is used. As shoWn in the speci?c embodiment, 
a ?rst etch is used to selectively remove the second dielectric 
32 from horizontal surfaces of the structures (See FIG. 8), 
and then a second etch is used to remove the ?rst dielectric 
30 from horizontal surfaces of the structure. The resultant 
structure including inner spacer 30' and outer spacer 32' is 
shoWn in FIG. 9. Although dual spacers are shoWn, the 
present invention contemplates a single spacer or multiple 
spacers located on the sideWall of the gate stack 24. 

[0068] In an optional embodiment of the present inven 
tion, such as shoWn in FIG. 10, a layer of metal compound 
34 is formed atop the dopant region 28 that Was previously 
formed into the layer of one-dimensional nanostructures 18. 
When employed, the layer of metal compound 34 can also 
be formed atop the exposed and undoped portion of layer 18. 
The layer of the metal compound 34 functionalizes the 
dopant region 28 (or alternatively the exposed and undoped 
portion of layer 18) and aids in the formation of metal 
carbide regions. The layer of the metal compound 34 com 
prises, for example, c-C4H6=Mo=O (Where c stands for 
cyclic) such as described in H. Oudghiri-Hassani et al, 
“Passivation of metal carbide surfaces: relevance to carbon 
nanotube-metal interconnections”, Applied Surface Science, 
212-213, p 4-9 (2003) Where the double bond betWeen the 
organic group and the conducting carbide can be useful in 1) 
molecular electronics applications; 2) some molybdenum 
alkylidene compounds are active for metathesis family of 
reaction to groW covalently grafted polymeric layers for 
passivation or manipulation of metal carbide contacts (see, 
for example, K. J. Ivin et al, Ole?n Metathesis and Met 
athesis Polymerization, Academic Press, San Diego, 1997; 
A. Furstner et al, AngeW. Chem. Int. Ed. Engl. 39 3012 
(2000)). 
[0069] The layer of metal compound 34 can be deposited 
selectively such that it reacts chemically With the layer of 
one-dimensional nanostructures. When a selective deposi 
tion is employed, the layer 34 can go underneath the 
sideWalls if undercutting occurs (this occurs in instances in 
Which a non-directional etch is used). In some embodiments, 
a mask level (formed by reactive-ion etching or lifto?) is 
used during the deposition of layer 34 such that the layer 34 
does not extend beneath the sideWalls. The thickness of the 
layer of the metal compound 34 may vary depending on the 
complex used as Well as the technique that Was used to form 
the same. 

[0070] Next, a source/drain metal 36 is formed at least 
atop the exposed dopant region 28 that Was previously 
formed into portions of layer 18 as shoWn in FIG. 11. In 
another embodiment, source/drain metal 36 is formed at 
least atop the layer of metal compound 34 shoWn in FIG. 10. 
In yet another embodiment of the present invention, the 
source/drain metal 36 is formed on at least exposed and 
undoped portions of layer 18. Source/drain metal 36 is 
formed in the present invention utilizing a conformal depo 
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sition process, such as, for example, CVD, PECVD, chemi 
cal solution deposition, ALD, sputtering, plating, evapora 
tion or other like processes. In one embodiment of the 
present invention, the source/drain metal 36 is deposited 
from a carbon-containing target/source. In one preferred 
embodiment of the present invention, the source/ drain metal 
36 is deposited by ALD to increase the current injection 
areas from metal to nanostructure. In particular, ALD pro 
vides a method to provide a uniform coverage of source/ 
drain metal 36 around the circumference of each nanostruc 
ture. That is, a sleeve of the source/drain metal 36 can be 
formed around each of the nanostructures Within layer 18. 

[0071] The source/drain metal 36 comprises any metal or 
metal-like element that can react With carbon to form a 
stable binary metal carbide phase. Alternatively, the source/ 
drain metal may include C and optionally other elements. 
Examples of such source/drain metals include: Al, Si, Sc, Ti, 
V, Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta, W and mixtures or 
alloys thereof. Preferably, at least one of Al, Ti, Cr, Mo, W, 
Zr, Hf or Ta is used as the source/drain metal 36. The 
compound formation can be performed in different atmo 
spheres such as, for example, nitrogen, forming gas, chlo 
ride, bromide, ?uoride, oxygen and others. The variation of 
ambient gases alloWs for the formation of different conduc 
tive compounds either containing the C from the nanotube or 
embedding the nanotube itself. 

[0072] The thickness of the source/drain metal 36 may 
vary depending on the metal used as Well as the technique 
that Was used to form the same. Typically, the thickness of 
layer 36 is from about 3 to about 200 nm, With a thickness 
from about 5 to about 20 nm being more typical. 

[0073] After forming the source/drain metal 36 on the 
structure, the structure containing the same is then subjected 
to an annealing step that is performed under conditions that 
cause reaction of the source/drain metal 36 With dopant 
region 28 containing the nanostructures. The resultant struc 
ture that is formed after the anneal has been performed is 
shoWn in FIG. 12. As shoWn, a metal-carbide region 38 
forms adjacent to the gate stack 24; the metal-carbide region 
38 is aligned to an edge of the gate stack 24 as Well as an 
edge of the remaining layer of one-dimensional nanostruc 
tures 18. The remaining layer of one-dimensional nanostruc 
tures serves as the device channel. Note that the annealing 
step may leave some of the source/drain metal 36 on the 
structure. 

[0074] In another embodiment (not shoWn), the anneal 
causes a reaction betWeen the source/drain metal 36 and an 
exposed and undoped portion of layer 18. This embodiment 
Would also produce a metal-carbide region. In yet another 
embodiment, the anneal causes a reaction betWeen the 
source/drain metal 36, optionally the layer of metal com 
pound 34 and doped or undoped portions of layer 18. In still 
another embodiment of the present invention, the anneal 
step causes embedding of one-dimensional nanostructures in 
a conducting compound region that is generated by reaction 
of metal and the underlying substrate including C or oxide. 
When embedding occurs, the spacer needs to be comprised 
of a nitride so that the etch selectivity is not lost. 

[0075] The annealing step used at this point of the present 
invention to cause metal carbide 38 formation is performed 
at a temperature of about 600° C. or greater. Typically, the 
metal-carbide formation anneal is performed at a tempera 
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ture from about 750° to about 1100° C. The metal-carbide 
formation anneal is performed in an inert ambient such as 
He, Ar, Ne, Kr, Xe, N2 or mixtures thereof such as HeiAr. 
The anneal is performed for a time period of sub-millisec 
onds or greater, With an annealing time from about 10 sec to 
about 30 min being more typical. The very short time anneal 
are achieved using laser annealing. The annealing can be 
performed utiliZing a single annealing temperature or mul 
tiple annealing temperatures can be used. The annealing may 
also include various ramp-up cycles, soak cycles, and cool 
doWn cycles, as desired. 

[0076] After forming the metal-carbide region 38, the 
remaining source/drain metal 36 is removed from the struc 
ture utiliZing an etching process that selectively removes 
metal as compared With metal carbide. FIG. 13 shoWs one 
possible structure that can be formed utiliZing the above 
processing steps. FIG. 14 shoWs another possible structure 
that can be formed; FIG. 14 differs from FIG. 13 in terms 
of the type of initial substrate used. In both instances, a 
semiconductor structure is illustrated that includes a sub 
strate 10A or 10B comprises at least one gate region located 
thereon. The at least one gate region comprises a patterned 
gate stack as Well as the remaining layer of one-dimensional 
nanostructures 18. A metal carbide contact, i.e., region 38, is 
located on a surface of the substrate and it is aligned to an 
edge of the least one gate region as Well as the remaining 
layer of one-dimensional nanostructures 18. 

[0077] While the present invention has been particularly 
shoWn and described With respect to preferred embodiments 
thereof, it Will be understood by one skilled in the art that the 
foregoing and other changes in forms and details may be 
made Without departing from the spirit and scope of the 
invention. It is therefore intended that the present invention 
is not limited to the exact forms and details described and 
illustrated, but falls Within the spirit and scope of the 
appended claims. 

What is claimed is: 
1. A semiconductor structure comprising: 

a substrate comprising at least one gate region located 
thereon, said at least one gate region comprising a layer 
of at least one one-dimensional nanostructure; and 

a metal carbide contact located on a surface of said 
substrate that is aligned to an edge of said layer of at 
least one one-dimensional nanostructure. 

2. The semiconductor structure of claim 1 Wherein said 
layer of at least one one-dimensional nanostructure com 
prises at least one nanotube. 

3. The semiconductor structure of claim 1 Wherein said 
layer of at least one one-dimensional nanostructure com 
prises at least one nanoWire. 

4. The semiconductor structure of claim 1 Wherein said 
layer of at least one one-dimensional nanostructure com 
prises a combination of nanotubes and nanoWires. 

5. The semiconductor structure of claim 1 Wherein said 
layer of at least one one-dimensional nanostructure com 
prises a C-based nanomaterial. 

6. The semiconductor structure of claim 1 Wherein said 
substrate comprises a semiconductor layer having a dielec 
tric layer located therein. 

7. The semiconductor structure of claim 6 Wherein said 
dielectric layer includes embedded regions of a C-containing 
compound. 
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8. The semiconductor structure of claim 7 Wherein said 
C-containing compound is diamond-like carbon. 

9. The semiconductor structure of claim 1 Wherein said 
metal carbide contact comprises a source/drain metal and an 
optional predoped region of said at least one one-dimen 
sional nanostructure. 

10. The semiconductor structure of claim 9 Wherein said 
source/drain metal comprises at least one of Al, Si, Sc, Ti, V, 
Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta or W. 

11. The semiconductor structure of claim 9 Wherein said 
optional predoped region of said at least one one-dimen 
sional nanostructure comprises a n-type or a p-type dopant. 

12. The semiconductor structure of claim 9 Wherein said 
source/drain metal forms a sleeve around the circumference 
of said at least one one-dimensional nanostructure. 

13. The semiconductor structure of claim 1 Wherein said 
patterned stack further comprises a gate dielectric and a gate 
electrode, said gate dielectric is located on said layer of at 
least one one-dimensional nanostructure. 

14. The semiconductor structure of claim 13 further 
comprising at least one spacer on a sideWall of said gate 
electrode. 

15. The semiconductor structure of claim 13 Wherein said 
at least one one-dimensional nanostructure is embedded 
Within-a conductive compound region. 

16. A method of fabricating a semiconductor substrate 
comprising the steps of: 

providing a structure that includes at least one gate stack 
on a surface of a layer of at least one one-dimensional 

nanostructure; 

forming a source/drain metal on said structure including 
at least said layer of at least one one-dimensional 
nanostructure; and 

forming a metal carbide by reacting said source/drain 
metal With said layer of at least one one-dimensional 
nanostructure. 

17. The method of claim 16 Wherein said layer of at least 
one one-dimensional nanostructure comprises at least one 
nanotube. 

18. The method claim 16 Wherein said layer of at least one 
one-dimensional nanostructure comprises at least one 
nanoWire. 

19. The method of claim 16 Wherein said layer of at least 
one one-dimensional nanostructure comprises a combina 
tion of nanotubes and nanoWires. 

20. The method of claim 16 Wherein said layer of at least 
one one-dimensional nanostructure comprises a C-based 
nanomaterial. 
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21. The method of claim 16 Wherein said layer of at least 
one one-dimensional nanostructure is formed by arc-dis 
charge, laser ablation of a carbon target, or chemical vapor 
deposition. 

22. The method of claim 16 Wherein said structure 
includes a substrate located beneath said layer of one 
dimensional nano structures. 

23. The method of 22 Wherein said substrate comprises a 
semiconductor layer and a dielectric layer, said dielectric 
layer having optional regions of a C-containing compound 
embedded therein. 

24. The method of claim 16 further comprising doping 
said portion of said layer of at least one one-dimensional 
nanostructure not protected by said at least one gate stack 
prior to forming said source/drain metal, said doping com 
prises electrostatic doping, ion implantation, or gas phase 
doping. 

25. The method of claim 16 Wherein said forming said 
source/drain metal comprises selecting at least one of Al, Si, 
Sc, Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta or W and 
depositing the same. 

26. The method of claim 25 Wherein said depositing 
comprises an atomic layer deposition process or deposition 
from a carbon-containing target. 

27. The method of claim 16 further comprising forming a 
metal compound that functionaliZes portions of the layer of 
at least one one-dimensional nanostructure not protected by 
said at least one gate stack prior to forming said source/drain 
metal. 

28. The method of claim 16 Wherein said forming said 
metal carbide comprises annealing and removing remaining 
source/drain metal that does not react With said exposed 
portion of said layer of at least one one-dimensional nano 
structure. 

29. The method of claim 28 Wherein said annealing is 
performed in an inert ambient at a temperature of about 600° 
C. or above. 

30. The method of claim 16 Wherein said metal carbide is 
aligned to an edge of the gate stack including a portion of 
layer of at least one one-dimensional nanostructure. 

31. The method of claim 16 Wherein said metal carbide is 
formed by anneal, said annealing also causes at least one of 
said one-dimensional nanostructures to embedded Within a 
conducting compound region. 


